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Abstract 
The future European energy supply system will have a high share of renewable energy sources (RES) to meet the greenhouse gas 
emission policy of the European Commission. Such a system is characterized by the need for a strongly interconnected energy 
transport grid as well as a high demand of energy storage capacities to compensate the time fluctuating characteristic of most RE 
generation technologies. With the RE generators at the location of high harvest potential, the appropriate dimension of storage 
and transmission system between different regions, a cost efficient system can be achieved. To find the preferred target system, 
the optimization tool GENESYS (Genetic Optimization of a European Energy System) was developed. The example calculations 
under the assumption of 100% self-supply, show a need of about 2,500 GW RES in total, a storage capacity of about 240,000 
GWh, corresponding to 6% of the annual energy demand, and a HVDC transmission grid of 375,000 GWkm. The combined cost 
for generation, storage and transmission excluding distribution, was estimated to be 6.87 ct/kWh. 
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1. Introduction 
The electricity sector in Europe faces a tremendous increase in renewable energy generation capacity that is 
expected to continue in the future. Main drivers are political incentives to cut greenhouse gas emissions and 
therefore transform the energy mix to mainly renewable sources [1,2]. Most of renewable electricity generation 
comes from the volatile sources wind and sun. A direct requirement of a future system is the capability of 
balancing not only the fluctuating demand, but even bigger fluctuations on the generation side. The spatial 
fluctuations can be balanced through transmission whereas the temporal balance can be achieved through energy 
storage. Consequently a future system consists of several key components for flexibility like e.g. grids, storage, 
demand side management (DSM) or even curtailment. The amount of harvested energy from wind and solar 
irradiation also varies significantly with the geographical location of the generating unit. 
The question of allocating the different technologies over the EUMENA region (Europe, Middle East and 
North Africa) is best answered by an overall optimization, minimizing the expected cost per consumed electricity 
unit. 
The optimization tool GENESYS was developed to generate such evaluations either via linear programming 
(LP) or a combined evolutionary strategy/ hierarchical system management (ES/HSM) approach. 
 
Nomenclature 
ES  evolutionary strategy 
CMA-ES covariance matrix adaption – evolution strategy 
DSM  demand side management 
ENTSOE European network of transmission system operators for electricity 
EUMENA Europe, Middle East and North Africa 
GA  genetic algorithm 
GENESYS genetic optimization of a European power system 
GW  giga watts = 109 W 
GWh  giga watt hours 
GW∙km product of power and length of a connection 
HSM  hierarchical system management 
HVDC  high voltage direct current technology 
LP  linear programming 
NaS  Sodium-Sulphur technology  
PV  photovoltaic 
RE  renewable energy 
RES  renewable energy sources 
WT  wind turbines 
2. Body 
2.1. Technical Assumptions 
The investigation is based on the EUMENA region, which is divided into 21 regions. An optimization over a 
three years period is conducted, which is based on weather time series and corresponding load profiles taken from 
ENTSOE [3]. The raw data were prepared to fit an hourly load profile, which is then multiplied by the total 
consumption for each year per region. The total consumption can be assumed by the user beforehand. 
The main input to the power system is generated by wind turbines (Wind) and photovoltaic (PV), which 
require a high spatial and temporal flexibility of the system, because of natural fluctuations. Technical and 
economical parameters for power generators can be found in Table 1and represent the assumption for the year 
2050.  
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Table 1. Assumptions for generator technology 
Technology  properties Wind turbines Photovoltaic 
Investment [€/kW] 1000 600 
Depreciation [years] 18 30 
 
Between neighbouring regions, electrical transmission lines are defined, which create a point to point network 
amongst the load centers of each region. This predefines the length of each transmission line, while the power 
capacity of every transmission line represents a free parameter for the optimization. Technical and economical 
parameters for the modelled HVDC connections were assumed and are shown in Table 2. The 37 connections 
form a grid of 39,000 km in total.  
Table 2. Assumptions for  transmission technology 
Technology  properties HVDC 
Investment cost for power electronics [€/kW] 90 
Investment cost lines  [€/(100km*kW)] 55 
Depreciation [years] 40 
 
In the power system model different storage system technologies can be considered. Storage systems consist of 
three elements (charger power unit, discharger power unit and energy reservoir, which are optimization 
parameters), where each technology shows certain characteristics in their efficiency and thus energy-to-power 
ratio. Long-term storage systems typically have large reservoirs with smaller charger/discharger power, resulting 
in an energy-to-power ratio of several days up to months, while short-term storage systems have smaller 
reservoirs, but can operate with high charger/discharger power, resulting in a low energy-to-power ratio of only a 
few hours. 
In the discussed calculation three different storage technologies were investigated under the assumption to 
compensate temporal fluctuations on different timescales. Hydrogen gas is considered as long-term storage 
technology, while NaS batteries represent the most flexible and economic short-term solution and pumped hydro 
storage acts on a medium timescale. The character of these technologies is represented in technical and 
economical parameters, which can be found in Table 3. NaS batteries show better performance/cost ratio for the 
application in stationary systems compared with Lead-Acid or Lithium-Ion. 
Table 3. Assumptions for storage technology 
Technology  properties Hydrogen Pumped Hydro Battery (Na S) 
η charger/discharger [%] 0.80 / 0.62 0.90 0.99 
η storage [%] 1.0 1.0 0.89 
Installation cost charger/discharger [€/kW] 300 / 700 640 100 
Installation capacity cost [€/kWh] 0.3 20 111 
Lifetime storage reservoir [years] 40 40 25 
All parameter assumptions were made for the year 2050 which is the target for the simulation. Due to assumed 
political reasons, each region will have to meet a self-supply for the total energy demand of 100 % whereas for 
each time-step a power balancing between regions is possible. The self-supply rate was defined in the input files 
as a hard boundary condition. 
Energy transport cost was introduced, which are added to the hourly system operation cost according to the 
transmission losses and scale by the ratio of line-length to transmission capacity. 
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2.2. Optimization tool 
GENESYS uses a dual-layer process to find the economically best solution. The first layer (the ES part) 
creates power system individuals by setting installed capacities for each modeled region and item. In the second 
layer (the HSM part), these power system individuals are simulated and evaluated for their economic cost. Based 
on the output of the HSM, the ES optimizes the allocation of capacities. This paper focusses on the description of 
the ES/HSM approach, but for the interested reader, a variety of publications exist on using LP for optimizing a 
future European power system [4, 5, 6]. 
The combined ES/HSM structure for optimizing a future power system is the key innovation of GENESYS. 
This not only allows modelling the nonlinear behaviour which most components of the power system have, but 
also for a more realistic time-step simulation of system operation. In contrast, the LP produces an over-optimal 
solution by simplifying all components to linear behaviour and especially because LP inherently possesses perfect 
foresight over the complete simulation time. In GENESYS, optimization via LP was implemented to provide a 
benchmark for the developed ES/HSM optimization. 
The ES is based on a Covariance Matrix Adaption - Evolution Strategy (CMA-ES) [7,8] to optimize the 
system configuration. The CMA-ES replaced the formerly used genetic algorithm (GA) (see [9]) in the first layer 
for the following reasons: 
First of all, it has an adaptive structure, which minimizes the need for tuning the parameters of the algorithm 
and the effects of these parameter variations on the result. In addition, convergence speed and quality of results 
are significantly better (see , [10]).  
 
Figure 1. Comparison of optimisation algorithms [10] 
The HSM calculates the energy balance for the whole simulation period between regions and time-steps. In 
paper [9] it was demonstrated how a fast calculation time for the time-step simulation can be achieved: The load 
in the different regions is first balanced by locally available non-dispatchable sources like PV and WT power 
generators and then the residual power is balanced via a point-to-point network between the regions. This 
compensation uses the network-simplex-method through an implementation of the lemon-library [11]. Any 
remaining uncovered load is then satisfied by available storage capacities within the region, while negative load 
can be used to charge storages. After this step there is another energy balance with the remaining transmission 
capacities, where after residual surplus is cut-off and system candidates with deficits get penalties for the 
respective time-steps. 
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Figure 2. HSM operation flow chart 
 
This simple strategy was modified to allow for a more extensive storage and generator park. Figure 2 shows 
how after the first grid compensation attempt, a merit order of dispatchable power generators (including 
discharger) is introduced, according to an assigned priority. This iterative attempt is necessary since the chosen 
network-simplex-method does not allow for a straight forward way of any prioritizing of the generators. The 
assignment of a priority to different generators is based on their operational cost (directly connected with 
efficiency for storage systems) and a dynamic scheduling according to forecast for the next 24 hours. The current 
forecast uses perfect foresight to predict wind, irradiation and load and will get modified to account for prediction 
errors in the future. Including conventional power generators is also possible with the extended strategy and is an 
interesting future extension to simulate systems with less than 100% RES share. 
2.3. Optimization results 
The power system for the EUMENA region was optimized for 2050 under the assumption of an annual demand 
of 4,122 TWh, which is based on the actual ENTSOE data from 2003 [3] and additional information about non-
ENTSOE countries from the CIA World Factbook [12]. The used load time series indicate a maximum total demand 
of 670 GW and a minimum total demand of 300 GW. From the presented three year simulation with 100 % energy 
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demand self-supply per region we have calculated an optimal generation capacity of 1,090 GW wind turbines and 
1,400 GW for PV (see Figure 3). The total discharging power for all storage systems adds up to 530 GW and is 
shown in Figure 3(right) and Table 4. 
The transmission grid has a total capacity of 375,000 GW∙km, which is the product of the connection power of 
and the length of the respective point-to-point connection. The result, which is displayed in Figure 5 shows, there are 
a few high power connections with a maximum capacity of 41 GW, but almost 70 % of all connections have a 
capacity below the average of 14 GW. In the calculation the curtailment is about 5 % of the total renewable 
generation. 
Table 4. Storage system results 
Technology  properties Hydrogen Pumped Hydro Battery (Na S) 
Power charger/discharger [GW] 360 / 320 160 50 
Reservoir capacity [GWh] 245,000 2,300 300 
Number of regions with system 12 3 2 
Energy-to-power ratio [h] 770 14 6 
 
The total annuity cost of the optimized solution is calculated to be 6.87 ct/kWh. Figure 4 shows the cost 
distribution among the different system components. RES generators have a share of 71 %, where wind turbines 
contribute with 43 %. The HVDC transmission grid has a share of 9 % and the remaining 20 % is divided among 
the storage systems. 
  
Figure 3. Distribution of power generators (left) and storage power units (right) in the EUMENA region of 2050 
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Figure 4. Distribution of optimal system cost Figure 5. Histogram of grid connection power 
3. Conclusion 
In a future European power system with high shares of RES, the volatility of the generation creates a high 
demand of energy storage solutions to guarantee a secure energy supply for customers. The calculation showed, 
geographical allocation of storage technology is based on various constraints. Short-term storage technologies, 
which are represented as batteries in the calculation, are necessary to support the system in regions with very high 
solar irradiation and corresponding PV installations (MENA), which leads to strong power gradients in the 
generation time series. Battery technology holds the highest energy-to-energy efficiency and is therefore used 
with a high number of full cycles, whereas the duration it can be discharged is only in the order of a few hours 
caused by the rather high cost of energy reservoir capacity. These regions, where batteries are installed in the 
optimized system share another property, which is the low geographical potential for Pumped Hydro systems.  
Pumped Hydro storage represents the medium-term storage technology, in the optimized system respective 
units are located in central regions that are well interconnected by the grid and by this they can serve for power 
and energy balancing for all connected regions. Pumped Hydro systems hold the advantage of high efficiency and 
significantly lower reservoir cost than battery systems.  
Long term storages like hydrogen fulfill two main tasks. One task is a typical seasonal storage; this is the case 
in the MEA region, which is only connected to Turkey. The ability to balance between short-term storage and 
long-term storage enables a very efficient operation of the hydrogen storage system, which can collect energy 
during high generation periods and during low generation periods it can recharge short-term batteries for peak 
load hours. Another typical task of the long-term storage can be observed in Benelux and Great Britain, where it 
is typically used for balancing the fluctuations of power generation from wind. In the regions which are 
surrounding the Balkan, only one reservoir is installed by the optimization. This leads to the conclusion, that 
energy storage and transmission is more economic than the installation of storage systems in each region. The 
long-term storage in this geographical area is additionally supported by the Pumped Hydro systems in Italy and 
Alpine regions for medium-term fluctuation balancing. The optimization leads to another phenomenon which 
would not be expected, which is a PV dominant generation in Denmark. This can be explained by the energy-self 
supply boundary, which can be fulfilled by installing the rather cheap PV technology, but any requirements of 
power demand can be performed by the interconnection to the surrounding wind dominant regions, which also 
has only a weak dependency on solar irradiation. 
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